Although the erythropoietin receptor (EpR) lacks a tyrosine kinase consensus sequence within its proline-rich intracellular domain, addition of its ligand to Ep-responsive cells stimulates the rapid and transient tyrosine phosphorylation of a number of cellular proteins. The characterization of these phosphorylatable substrates, which include 5 major phosphoproteins with molecular masses of approximately 145, 130,97,72, and 56 Kd is an essential step in understanding the signal transduction pathways used by Ep. Recently, we and others have shown that the major 72-Kd tyrosine phosphorylated protein is the EpR itself. We now report, using both murine DA-3 and human M07E cell lines engineered to express high levels of biologically responsive EpRs (and designated DA-ER and M07-ER, respectively), that the major 56-Kd tyrosine phosphorylated protein is the recently identified SH2-containing protein, p52'". Interestingly, in Ep-stimulated cells, anti-Shc antibodies coprecipitate the major 145-Kd tyrosine phosphor-HE ERYTHROPOIETIN receptor (EpR), like other
mum between 2 and 5 minutes, and declines by 30 minutes. In addition, tyrosine phosphorylated Shc appears capable of associating with the activated EpR, but this could only be shown in M07-ER cells. Lastly, as has been shown previously with the tyrosine kinase containing receptors for epidermal growth factor, platelet derived growth factor, and insulin, activation of the EpR leads to the association of p52OhC with the 25-Kd polypeptide, Grb2. Taken together, our data suggest that the previously reported increases in rasGTP observed with Ep result, in part, from the tyrosine phosphorylation of Shc and its association with Grb2 and/or a tyrosine phosphorylated 145-Kd protein.
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dermal growth factor (EGF)" and insulin" and in cells transformed by the oncogenic proteins, v-Src and v-Fps.I4 Based on the apparent lack of consensus sequences for any known catalytic activity, it has been hypothesized that these Shc proteins function, perhaps like Crk," Nck,I6 and Grb2/ Sem-5," as adaptor molecules, coupling tyrosine kinases to downstream effectors.12 Specifically, with regards to Shc, there is an accumulating body of evidence suggesting that, in its tyrosine phosphorylated form, it is involved in elevating the levels of activated ras via its interaction with the downstream effectors, Grb2L3,'4,18,L9 (which is the mammalian equivalent of Drk in Drosophila20-21 and Sem-5 in Caenorhabditis elegans'') and the ras guanine nucleotide exchange factor, S O S . ' * -~~ Because it was shown previously that Ep activates rug5
and that one of the major tyrosine phosphoproteins induced by Ep has a mobility on sodium dodecyl sulfate (SDS) gels similar to p52shc,'0 we investigated whether the induced phosphoprotein was indeed Shc. Our results indicate that ~5 2~~' is the predominant form of Shc expressed in the murine and human hematopoietic cells that we examined and that it is tyrosine phosphorylated in response to Ep. As a result of this phosphorylation, ~5 2 " ' binds to both Grb2 and an as yet uncharacterized 145-Kd protein that is also tyrosine phosphorylated in response to Ep.
EXPERIMENTAL PROCEDURES
Recombinant human Ep was purified from culture supernatants of baby hamster cells expressing an Ep cDNA as described previously:26 Both the free and agarose conjugated forms of the anti-phosphotyrosine (anti-P-Tyr) monoclonal antibody (MoAb), 4G10, as well as rabbit polyclonal antiserum to Grb2 and the insulin receptor substrate 1 (IRS-1) were purchased from UBI (Lake Placid, NY). Affinity-purified rabbit polyclonal antibodies to Shc and mouse MoAbs to Grb2 were obtained from Transduction Laboratories (Lexington, ICY). Rabbit and sheep antisera to Sos-1 were generously provided by Dr L Feig (Tufts University, Boston, Van- couver, and originally established by Dr L. Pegoraro et al from the peripheral blood of an infant with acute megakaryocytic leukemiaZ7) were retrovirally infected with a JZen TKneo vectorcontaining the wild-type murine EpR cDNA. as described previously,'o and two high EpRexpressing clones, designated DA-ER and M07-ER. respectively, were derived and used in this study. The DA-ER cells were routinely maintained in RPMI containing 10% fetal calf serum (FCS) and either 0.5 U/mL Ep or 5 ng/mL COS cellderived mouse IL-3. The MO7-ER cell line was propagated in Dulbecco's modified Eagle's medium (DMEM) containing IO% FCS, 5 X IO-' mmol/L 8-ME and either 10% 5637 conditioned medium plus 5 ng/mL COS cellderived human IL-3 or 0.5 U/mL Ep.
Reagents.
DA-ER cells were starved in RPMI, 0.1% bovine serum albumin (BSA) for 6 hours and M07-ER cells were starved overnight in DMEM, I% FCS before stimulation with Ep at 50 U/mL for 5 minutes at 37°C. The cells were then washed and solubilized at 2 X IO7 cells/mL with 0.5% NP-40 in phosphorylation solubilization buffer (PSB), ie, 50 mmol/L HEPES, pH 7.4, 100 mmol/L NaF. IO mmol/L NaPP,, 2 mmol/L Na,VO,, 2 mmol/L EDTA, and 2 mmol/L (NH,), MO containing the protease inhibitors aprotinin (100 KIU/mL), leupeptin (40 pglmL). and phenylmethylsulfonyl fluoride (PMSF I mmol/L). For the solubilization of MO7-ER cells, 3 mmol/L H2O2 was also present. After I hour ofincubation at 4°C insoluble material was removed by centrifugation for 10 minutes at 16,OOOg and the supernatants gently rocked for 3 to 4 hours with either anti-PTyr bound agarose beads, unbound rabbit polyclonal anti-Shc antibodies, or rabbit polyclonal anti-Grb2 antiserum. Balanced Salt Solution containing 2 mmol/L Na,V04, and insoluble material pelleted at 16.OOOg for IO minutes. The supernatants were then incubated for 2 hours at 4°C with 10 mg ofSA beads and, after extensive washing of the beads, bound proteins were eluted by boiling for 3 minutes in SDS sample buffer for SDSpolyacrylamide gel electrophoresis (SDSPAGE). Wesiern blot anaIj~.ris. After SDS-PAGE. proteins were electrophoretically transferred onto lmmobilon polyvinylidene difluoride (PVDF) membranes (Millipore, MA) at 100 V for 90 minutes at 4OC using 10 mmol/L CAPS, pH 10.0, and 10% methanol. Residual binding sites on the membranes were blocked by incubation in Tris-buffered saline (TBS; IO mmol/LTris-CI, pH 8.0, I50 mmol/L NaCI) containing 5% BSA plus 5% skim-milk powder for I hour at 23°C. (For 4GI0 immunoblots, the 5% skim-milk powder was not included.) Blots were then washed in TBST (TBS with 0.05% Tween-20) and incubated for I hour in TBST with 1.0 pg/mL of mouse anti-P-Tyr, mouse anti-Grb2. or rabbit anti-Shc antibody. Blots were then washed three times for 5 minutes each with TBST and probed with a I: 10, OOO dilution ofdonkey antimouse, donkey antirabbit, or protein A horseradish peroxidase conjugate (Jackson Labs, Bar Harbor, ME), respectively, for 45 minutes at 23°C. After washing, blots were incubated with ECL substrate solution and exposed to Kodak X-Omat film (Eastman Kodak, Rochester, NY) to visualize immunoreactive bands. In some experiments, blots were stripped with 62.5 mmol/L Tris-CI, pH 6.8,2% SDS, 100 mmol/L &ME at 50°C for 30 minutes, reblocked, washed, and reprobed.
RESULTS AND DISCUSSION
We and others have shown that Ep stimulates the rapid and transient tyrosine phosphorylation of its own cell surface receptor as well as a number of other cellular proFor personal use only. on September 24, 2017. by guest www.bloodjournal.org From teins.3.6.8-1 I As a first step towards identifying these other cellular proteins, we retrovirally infected the murine IL-3-dependent cell line, DA-3. with the wild-type murine EpR cDNA and selected high EpR-expressing clones using B-Ep and fluorescence-activated cell sorter (FACS) analysis as described previously.26 One high-expressing clone that displayed approximately 12,000 cell surface EpRs/cell and that proliferated in response to low levels of Ep was designated DA-ER and used in the present study. These cells were treated with or without Ep for 5 minutes at 37"C, lysed with NP-40, and immunoprecipitated with anti-P-Tyr antibodies. Western analysis of these anti-P-Tyr immunoprecipitates, using anti-P-Tyr antibodies. showed that Ep induced the appearance of 5 prominent tyrosine phosphorylated bands with molecular massesof 145. 130.97.72. and 56 Kd (Fig IA) . with the 72-Kd band being the EPR."~." Reprobing this blot with antibodies to Shc showed that, after stimulation with Ep. ~52'~'(which migrates with an apparent molecular mass of -55 Kd in some murine cellsz8) was immunoprecipitated with anti-P-Tyr antibodies (Fig I B) For and comigrated with the major 56-Kd phosphoprotein seen in Fig IA. To confirm that ~5 2 '~' was tyrosine phosphorylated in response to Ep (and not simply coprecipitating with a tyrosine phosphorylated protein and comigrating on SDS gels with the major 56-Kd tyrosine phosphorylated protein) and to determine whether Shc was bound to the activated EpR, lysates from Epstimulated DA-ER cells were immunoprecipitated with antibodies to Shc. An anti-P-Tyr immunoblot showed that. in the presence of Ep, ~5 2 '~' was indeed tyrosine phosphorylated (Fig 1 C) . This immunoblot also showed that the alternately spliced product, was also expressed, albeit at a lower level (Fig 1 D) , and was tyrosine phosphorylated in response to Ep (Fig IC) in these cells. In addition, as can be seen in Fig IC, anti-Shc antibodies did not coprecipitate a 72-Kd band in the Epstimulated DA-ER cells, suggesting that, unlike the situation with EGF'2-28 and similar to that with in~ulin,'~ Shc does not physically associate with the activated EpR in these cells. However, anti-Shc antibodies did precipitate a 145-Kd tyrosine phosphorylated protein after Ep stimulation. Reprobing this blot with antiShc antibodies confirmed equal loading of the samples and showed that the 145-Kd band was not recognized on Western blots by this antiShc antibody (Fig ID) . This finding was consistent with the notion that this tyrosine phosphorylated protein was immunoprecipitated by anti-Shc antibodies because of its physical association with Shc and not because of cross-reactivity with the antibody.
To determine whether the tyrosine phosphorylated ~5 2 '~' and the 145-Kd tyrosine phosphorylated protein immunoprecipitated by antiShc antibodies corresponded to the major 56-and 145-Kd tyrosine phosphorylated bands seen in Fig IA, respectively, DA-ER cell lysates were precleared with antiShc antibodies before anti-P-Tyr immunoprecipitation. As can be seen in Fig 2A (lanes 1 through 4) , preclearing greatly diminished the 56-and 145-Kd phosphoproteins. Anti-Shc reprobing of this blot confirmed that antiShc preclearing quantitatively removed Shc from the cell lysate( Fig2B. lanes I through4) . TheantiShcimmunoprecipitates obtained in the preclearing step were also subjected to Western analysis with anti-P-Tyr (Fig 2A, lanes 1 1  and 12 ) and antiShc ( Fig 2B, lanes I 1 and 12) antibodies to further substantiate these findings. Thus, ~5 2 '~' and its coprecipitating 145-Kd protein were the sole components of the Epinduced 56-and 145-Kd tyrosine phosphorylated bands.
To determine whether these results were restricted to DA-ER cells, we retrovirally infected the murine EpR cDNA into the human megakaryocytic cell line, M07E. A high EpR-expressing cell line, designated M07-ER, and displaying approximately 9,000 EpRs/cell, was established and incubated with or without Ep as above. Cell lysates were immunoprecipitated with anti-P-Tyr antibodies and, as can be seen in Fig 2A (lanes 5 and 6) , Ep induced the appearance of 5 major tyrosine phosphorylated proteins with molecular masses of 145, 130, 93, 72, and 60 Kd. In addition, two proteins migrating at 58 and 54 Kd appeared to be constitutively tyrosine phosphorylated in these cells. Reprobing this anti-P-Tyr immunoblot with antiShc antibodies showed that ~5 2 '~' was immunoprecipitated by anti-P-Tyr in these cells as well (Fig 2B, lane 6 ) although, interestingly, it migrated on SDS gels slightly slower than its murine counterpart did. A preclearing of these M07-ER cell lysates with anti-Shc antibodies, before anti-P-Tyr immunoprecipitation, showed, again, that both a major 145-Kd tyrosine phosphoprotein and ~5 2 '~' were depleted in anti-P-Tyr immunoblots (Fig 2A, lanes 7 and 8) . The absence of a 60-Kd band in the anti-P-Tyr immunoblot of the precleared samples confirmed that ~5 2 '~' was the sole component of the 60-Kd tyrosine phosphorylated band in M07-ER cells as well (Fig 2A, lane 8) . Interestingly, in contrast to the results obtained with DA-ER cells, anti-P-Tyr immunoblots of the precleared material from M07-ER cells showed that a 72-Kd protein coprecipitated with Shc (Fig 2A, lanes 9 and IO) . be seen in Fig 2C, streptavidin-agarose treatment before anti-Shc immunoprecipitation specifically depleted the 72-Kd band from the B-Epstimulated M07-ER cell lysate. This suggests that, after Ep stimulation, Shc is associated with the EpR in M07-ER cells. Interestingly, a tyrosine phosphorylated 130-Kd protein was consistently absorbed, along with the EpR. to streptavidin-agarose beads (Fig 2C,  lane 4) . This protein, as well as the EpR. has been shown independently by us and by Yoshimura and Lodish7 to be tyrosine phosphorylated in vitro7 and may be the soughtafter EpR-associated tyrosine kinase.
A kinetic analysis was then performed with the two cell
declining by 5 minutes. Reprobing this blot with anti-Shc antibodies showed equal loading and confirmed the differences in the sizes of the Shc species in these human and mouse cells (Fig 3B) . Lastly, because it was recently shown that Shc, in its tyrosine phosphorylated state. is capable of binding to a nonphosphorylated 25-Kd polypeptide. Grb2 (ie, growth factor receptor-bound protein 2). in Rat-2 cells transformed by v-src or ~4 7 . 7 '~ and in insulin or platelet-derived growth factor-stimulated NIH373 cells expressing high numbers of insulin re~eptors,'~ we investigated whether the tyrosine phos- 
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lines to determine how quickly Shc was tyrosine phosphorylated in response to Ep. Anti-P-Tyr immunoblots of antiShc immunoprecipitates from DA-ER and M07-ER cells, incubated with Ep at 37°C for different times. showed that both ~5 2 '~' (migrating at 56 Kd from DA-ER cells and 60 Kd from M07-ER cells) and ~4 6 '~' (migrating at 50 Kd from DA-ER cells and 54 Kd from M07-ER cells) were substantially phosphorylated on tyrosine residues within 30 seconds of stimulation. reached a maximum by 2 to 5 minutes, and were significantly reduced by 30 minutes (Fig 3A) . Interestingly, tyrosine phosphorylation of the Shc-associated EpR in MO7-ER cells appeared to peak earlier than either that of the Shc or the 145-Kd associated protein. phorylated form of Shc in Epstimulated DA-ER and M07-ER cells was associated with Grb2. We were also interested in determining whether Grb2 associated with the 145-Kd phosphoprotein. To do this, lysates from control or Eptreated DA-ER and M07-ER cells were immunoprecipitated with anti-Grb2 antibodies and immunoblots performed using anti-P-Tyr, anti-Shc, and anti-Grb2 antibodies (Fig 4) . Although the association of Shc with Grb2 was difficult to show in anti-P-Tyr immunoblots because of the proximity of Shc to the heavy chain of the Ig band (especially in DA-ER cells, because ofthe lower apparent molecular mass of ~52'~'; Fig 4A) , it was more discemable in antiShc reblots (Fig 4B) . This antiShc immunoblot also showed that Grb2 bound only to the Epstimulated form of Shc in both DA-ER and M07-ER cells. Anti-Grb2 Western analysis was also performed to confirm equal loading of the control and Eptreated samples (Fig4C) . Interestingly, anti-P-Tyr immunoblots indicated that the tyrosine phosphorylated EpR, but not the 145-Kd protein, was associated with Grb2 in both cell lines (Fig 4A) .
To examine more closely the potential complexes present, lysates from both control and Eptreated M07-ER cells were split in half and immunoprecipitated with either antiShc or anti-Grb2 antibodies. Anti-P-Tyr immunoblots showed that approximately the same amount of tyrosine phosphorylated EpR was coprecipitated with the two antibodies (Fig 5A) . Reprobing with anti-Grb2 (Fig 5B) and anti-Shc (Fig 4C) antibodies confirmed that Grb-2 associated only with the tyrosine phosphorylated form of Shc.
Taken together, our data suggest a model (Fig 6) in which the binding of Ep to its cell surface receptor activates an associated tyrosine kinase (p I30?) that phosphorylates the EpR. The tyrosine phosphorylated EpR then attracts Shc (in M07-ER cells) or Grb2 (in DA-ER cells) via their SH2 domains. The different responses in the two cell types might reflect a difference in the phosphorylation pattern of the EpR in these two cell lines. This difference, in turn, could reflect the association of distinct tyrosine kinases with the EpR in the two cell lines. In both cell lines, a proportion of the Shc population is associated with Grb2. We propose that a hetrotrimer consisting of Grb2. Shc, and the tyrosine phosphorylated EpR exists in M07-ER cells and is responsible for the observation that anti-Grb2 and anti-Shc antibodies immunoprecipitate the same amount of EpR in these cells. Not shown but highly likely in both cell lines is a constitutive association between Grb2 and the mammalian homolog of the son of sevenless gene product, Sos, because such an association has very recently been shown in several murine and human cell
In both M07-ER and DA-ER, the tyrosine phosphorylated form of Shc also binds a 145-Kd tyrosine phosphorylated protein and it is conceivable that this interaction signals distinct events from those initiated by the Shc-Grb2 (Sos) interaction. To complicate the model further is our recent finding that vav, which has been shown to possess guanine nucleotide exchange activit^.'^ is tyrosine phosphorylated in response to Ep in M07-ER cells (J.E.D., R.L.C., and G.K., unpublished results).
It is possible that the Shc-associated 145-Kd tyrosine phosphorylated protein we have identified in both DA-ER and M07-ER cells is a Sos-related protein. However, it did not coprecipitate with anti-Grb2 antibodies, it was not recognized by 2 distinct antibody preparations against Sos I (kindly provided by Dr Larry Feig. Tufts University, Boston, MA) in immunoblot assays. and recent studies indicate that neither human nor mouse Sosl becomes phosphorylated on tyrosine residues after growth factor stimulat i~n ?~.~.~' However, it remains to be determined if it is recognized by antibodies to the other ubiquitously expressed Sos protein, Sos2. In other antibody studies to identify this Shc-associated 145-Kd protein we have shown that it is not the IL3RB chain nor is it antigenically related to the IRS-I protein. The latter is consistent with recently published data showing that tyrosine phosphorylated Shc does not bind to IRS-l.36 We are currently generating antibodies to this 145-Kd protein to determine whether it is constitutively associated with Shc and whether it possesses rasguanine nucleotide exchange activity.
